ABSTRACT Aims: To establish a non-destructive method of characterising the mechanical properties of collagen hydrogels to model corneal tissue and to examine the effect of photochemical crosslinking on their mechanical properties.
Keratoconus is a non-inflammatory disease that causes thinning of the corneal stroma which can lead to bulging, reduction of vision and discomfort. Several treatment options are under investigation to stabilise the progression of the disease. One of the most promising approaches involves the crosslinking of collagen fibrils in the cornea using ultraviolet light in the presence of a photosensitiser to improve its mechanical strength. [1] [2] [3] Extensiometry has been used to characterise the mechanical properties of the corneas under investigation. However, extensiometry has several limitations including destructive measurement, using strips of cornea not whole cornea, the corneal curvature not being taken into consideration, and tension primarily on fibrils that are parallel to the direction of strain. 4 5 In addition, the method used to crosslink cornea for extensiometry differs from the method used to treat patients in vivo where only the centre of cornea is irradiated. 3 For these reasons, an alternative approach to mechanical characterisation is desirable.
We have developed a long-working-distance microscope spherical microindentation system capable of measuring the mechanical properties of hydrogel materials under cell culture conditions. 6 This system can be used to obtain mechanical properties of biological materials on-line, nondestructively and in situ. Previous studies have shown that type 1 collagen can be used to model corneal tissue. [7] [8] [9] This is particularly useful, since a viable human cornea is difficult to obtain. In this paper, a spherical indentation technique was used to measure the Young modulus of collagen hydrogels as a model for corneal tissue in order to demonstrate the capability of this technique to detect changes in the mechanical properties after photochemical crosslinking. A UVA/riboflavin crosslinking treatment similar to that previously used to crosslink cornea was used. 1 Collagen hydrogels embedded with human corneal fibroblasts were used to examine the cell viability after crosslinking.
MATERIALS AND METHODS Sample preparation and treatment
Rat-tail collagen type-1 (BD Bioscience, Mountain View, CA) was used as the source of collagen for the hydrogels. The hydrogels were formed following the manufacturer's protocol except that a concentration 10 times that of standard Dulbecco modified eagles medium (DMEM, ICN Biomedicals, Aurora, OH) was used instead of PBS. Collagen concentrations of 2.5 mg/ml and 3.5 mg/ml were used. Five hundred microlitres of the hydrogel solution was poured inside a filter paper ring of inner diameter 20 mm. The solution was allowed to set for 1 h in an incubator at 37uC, 5% CO 2 . Once set, the newly formed hydrogel was cultured overnight with 5 ml of culture media supplemented by 10% fetal calf serum (Sigma, St Louis, MO), 1% L-glutamine (Sigma) and 1% antibiotic-antimycotic solution (Sigma).
0.1% riboflavin solution was made by dissolving 2 g of dextran (Sigma) in 10 ml of distilled water and adding 10 mg of riboflavin-5-phosphate (Sigma). Prior to UVA exposure, the collagen hydrogels were submerged in 3 ml of riboflavin solution for 5 min to allow infiltration. Some hydrogels, which were not placed into the riboflavin solution, were used as controls to examine if riboflavin influences the crosslinking process.
Two long UVA fluorescent tubes with a diameter of 15 mm and peak wavelengths of 370-350 nm were used as a source of UVA radiation. The tubes were positioned parallel to each other. The hydrogels were placed into 35-mmdiameter Petri dishes and positioned 2 mm above the UVA tubes. The irradiance through the Petri dish had previously been measured using a UV monitor (UVSmart, Tanita, Japan) and the tubes were found to have provided an irradiance of between 2.8 and 3.2 mW/cm 2 across the whole collagen hydrogel surface. Different exposure times up to 60 min were examined. The Young modulus of the hydrogels was measured before UV exposure by the technique described below. After the exposure, they were placed back into culture media and incubated at 37uC for 20 min to compensate for any dehydration during crosslinking. The modulus was then remeasured to examine the change in mechanical properties of the hydrogels. A number of hydrogels were placed back into culture media and cultured at 37uC for 1 week, after which their modulus was re-measured.
To examine the effect of UVA exposure on the viability of cells within the collagen hydrogels, human corneal fibroblasts were used. The cultivation of fibroblasts from human corneal tissue has been described previously. 6 Cells at passage number 3 were used. The cells were suspended throughout the hydrogel solution at a concentration of 1 million cells/ml. Cell viability was assessed using a live/dead cell double staining kit (L-Fluka, Buchs, Switzerland). Five hundred microlitres of the staining solution was applied over the surface of the hydrogel and left at 37uC. After 20 min, the hydrogel was washed in PBS and examined using a confocal microscope (FV300, Olympus, Tokyo). The cell viability was calculated by dividing the number of live cells by the total number of cells.
Measurement instrumentation
The instrument, which has previously been reported, 6 consisted of two parts; a sample holder with a spherical indenter and an image acquisition system. Each hydrogel was clamped around its outer circumference by two transparent plastic circular hoops of inner diameter 20 mm. The hoops were held together using two thin stainless steel plates and a number of stainless steel screws as shown in fig 1. The whole assembly was submerged in PBS within a large rectangular Petri dish in an incubator at 37uC. The hydrogel was deformed (indented) by using a PTFE sphere (Spheric-Trafalgar, London) of diameter 4 mm. A sphere was placed at the centre of the hydrogel, and its weight caused the hydrogel to deform. In this study, the diameter ratio of the hydrogel to the sphere was kept constant at 5.0, which was identical to the value used in the previous analyses. 6 10 11 The image acquisition system consisted of a long-workingdistance objective microscope (Edmund Industrial Optics, Barrington, NJ) with a computer-linked CCD camera (XC-ST50CE, Sony, Tokyo) as shown in fig 2. The system allowed a high magnification up to 120 times for acquiring the side-view images of the deformation profile from outside the incubator through a glass window. The magnification of the system was calibrated with the computer-acquired images of a stage micrometer. As well as the deformation, the thickness of the samples was measured using the same approach. The samples were placed onto a flat surface and their thickness was measured laterally based on the distance between the two edges of the hydrogel image that was acquired from the longworking-distance CCD microscope system.
Theoretical modelling
The mechanical behaviours of swollen hydrogels are believed to have similar behaviours to rubber-like materials. 12 Based on rubber-like Mooney constitutive equations, Yang and Hsu developed a model that describes the deformation of a membrane due to the weight of a ball. 11 These equations have previously been applied to find the Young modulus of polyurethane films 10 and hydrogel membranes. 6 The central deformation (d) caused by the weight of the sphere on the hydrogel was measured by the image-acquisition system. This information was used to determine the Young modulus (E) from the following equation:
where w is the weight of the sphere, h is the hydrogel thickness and R is the radius of the sphere. 6 10 When a sphere and hydrogel sample system satisfies the dimensional characteristics of a/ R = 5 and d/R (1.7, where a is the radius of the hydrogel, this model assumes that the ratio of thickness to the radius is low, and the deformation is large; hence stretching of the hydrogel dominates over bending. 13 14 
RESULTS
The effects of UVA/riboflavin crosslinking treatment on the Young modulus of the collagen hydrogels with a concentration of 3.5 mg/ml are displayed in fig 3. There was an increase in the modulus after UVA/riboflavin treatment that was dependent on the UVA exposure time. The increase in modulus was statistically significant after 15 minutes' exposure comparable with non-treated samples. In addition, there was a significant difference between the hydrogels exposed for 15, 30 and 45 min but no statistically significant difference after 45 min, as determined using the ANOVA-Tukey test with a 95% confidence interval (Minitab). This suggests that the majority of crosslinking occurred in the first 30-45 min, and a longer exposure time might be unnecessary. Hydrogels with a collagen concentration of both 2.5 mg/ml and 3.5 mg/ml showed an increase in modulus of approximately 240% and 200%, respectively, after UVA exposure for 30 min (fig 4) . The increased modulus was maintained over 1 week in culture ( fig 5) .
Four of the hydrogels were exposed to UVA without treatment with riboflavin. After 15 minutes' irradiance, these hydrogels showed a decrease in modulus, demonstrated by an increase in indentation displacement depth. The indentation depth exceeded the maximum depth allowable to calculate the Young modulus from our theoretical model. After 30 minutes' exposure to UVA radiation, the hydrogels reverted to a liquid state. This suggests that without the presence of the riboflavin, UVA irradiation caused the collagen fibres to degrade rather than crosslink.
The effect of UVA/riboflavin treatment on the cells viability within the collagen hydrogels was examined. It was found that Laboratory science UVA had a negative effect on the cells, as there was a reduction in cell viability after UVA exposure with only some cells still remaining viable. The percentage of viable cells was 83% without exposure to UVA, 60% after 15 minutes' exposure and 37% after 30 minutes' exposure.
DISCUSSION
The long-working-distance microscope spherical microindentation technique has been used to examine the effect of photochemical crosslinking on the mechanical properties of collagen hydrogels. Unlike extensiometry, which has been previously used to examine mechanical properties of corneal strips after crosslinking, 1 3 our non-destructive mechanical characterisation technique allows hydrogels and tissue engineered corneas to model corneal tissue, thus enabling examination of crosslinking treatments. This is particularly useful, as viable human corneal tissue for experimentation is difficult to obtain due to its high demand for use in transplantations. In addition, our mechanical characterisation technique utilises a long-working-distance microscope and spherical microindentation system that can be used on the same sample both before and after treatment. The stability of the crosslinking reactions could be demonstrated because of the non-destructive nature of the mechanical tests. This approach allowed a direct comparison and monitoring in the change in modulus of each hydrogel.
In addition to examining the effect of photochemical crosslinking treatment on the mechanical properties of collagen hydrogels, the spherical indentation technique could be used for several other applications. The effect of other crosslinking agents such as glutaraldehyde on the mechanical properties of the hydrogel could be investigated. The long-term effects of the cells within the hydrogel on the overall mechanical properties of the hydrogel membrane could be investigated. The effect of multiple treatments on the mechanical properties of the corneal constructs over a time frame could be measured. This technique could also be adopted to examine biomaterials used as a keratoprosthesis or tissue-engineered cornea.
A significant increase in Young modulus was demonstrated after UVA/riboflavin treatment (increase factor of 3.6 after 45 minutes' UVA exposure). This increase in modulus was of a similar magnitude to that found with strips of human cornea. 3 The results also suggest that the optimum UVA exposure time to increase the modulus of the hydrogels was between 30 and 45 min. This increase in modulus was maintained over time. These results demonstrate how the spherical microindentation technique can be used to optimise crosslinking techniques.
Hydrogels exposed to UVA without riboflavin showed a reduced mechanical integrity, while those with riboflavin showed an increased modulus. Menter et al 15 observed that riboflavin added to collagen had a significant effect on fibrillogenesis kinetics under UVA radiation. Our spherical microindentation technique could be used to examine the effect of different concentrations of riboflavin solution or other photosensitising agents, which would allow an optimum concentration for crosslinking to be determined.
UVA exposure appeared to have a negative affect on cell viability in hydrogels. This was expected as UVA treatments on real corneal tissue have induced cytotoxicity and apoptosis of keratocytes. 16 17 Despite these findings, a populations of viable cells remain after UVA exposure. The long-term affect of UVA exposure on the cell behaviour has not yet been examined. Finding the optimum crosslinking conditions that allow increased modulus while maintaining high levels of cell viability is important in developing and optimising photochemical crosslinking treatments.
One limitation with the spherical microindentation technique is that at present, it can only be used on hydrogels and tissue-engineered corneas but not real corneal tissue. We have recently developed an alternative indentation technique using a Figure 2 Schematic of the instrument system used to measure the deformation and creep behaviour of membranes. (A) Sample holder and sphere; (B) incubator at 37uC, 5% CO 2 ; (C) long-workingdistance microscope; (D) CCD camera; (E) precision X-Y translation stage; (F) image-analysis system. Figure 3 Young modulus of collagen hydrogels of concentration 3.5 mg/ml before and after UVA/riboflavin treatment using different exposure times (n = 4, ¡SD). Figure 4 Young modulus of collagen hydrogels of concentration 2.5 mg/ml and 3.5 mg/ml before and after UVA/riboflavin treatment with 30 min UVA exposure (n = 4, ¡SD).
fine-tipped indenter connected to a force transducer, which has been used to measure the mechanical properties of whole human cornea. 5 Thus, this technique could be used to examine the change in mechanical properties of corneas after photochemical crosslinking in vitro. The advantage of measuring the Young modulus of intact corneas is that it would represent the real value more accurately, since the damage of epithelia or endothelia layer can lead to inflammation and swelling. 18 19 The hydrogels used in this project have a substantially lower mechanical strength than real corneal tissue. However, the use of hydrogels to model tissue provides an attractive option due to the lack of available corneal tissues. The development of more sophisticated hydrogels and tissue-engineered corneas to model corneal tissue will reduce the need for using real tissue for laboratory experiments. Our indentation characterisation tool can provide a convenient and reliable monitoring for further investigations.
CONCLUSIONS
A non-destructive technique for characterising the mechanical properties of UVA/riboflavin-treated collagen hydrogels has been demonstrated. UVA/riboflavin treatment has been shown to provide a dramatic improvement in the mechanical properties of the hydrogels tested. The non-destructive mechanical characterisation technique will provide a useful first step in developing and optimising crosslinking treatments for patients suffering from keratoconus.
